Simulation models are now available to represent the sewer network, wastewater treatment plant and receiving water as an integrated system. These models can be combined with optimisation methods to improve overall system performance through optimal control.
INTRODUCTION
There is growing recognition of the need to take an integrated approach to water management, which has led to the development of integrated models of the various hydraulic and water quality processes in the sewer system, treatment plant and receiving water body as a whole (Rauch et al. 2002; Butler & Schü tze 2005; Vanrolleghem et al. 2005) . Integrated models provide us with the opportunity to control the urban wastewater system as a whole, and thus to achieve improved system performance through development of optimal control strategies; however, these models are normally very complex, and thus very challenging and expensive for optimisation methods.
Control of urban wastewater systems is usually regarded as a non-linear mathematical optimisation problem, and in many situations, a multiobjective optimisation problem (Fu et al. 2008) . Evolutionary algorithms (EAs) have been proven as promising to derive the optimal control strategies, compared with the conventional optimisation techniques (Rauch & Harremoë s 1999; Muschalla et al. 2006) .
However, EAs generally need tens of thousands of model simulations in order to reach the optimal control strategies.
The computational burden makes EAs very inefficient and impractical for real time control problems in urban wastewater systems, which require a rapid decision making on selection of control strategies.
Surrogate modelling has been used for fitness approximation in evolutionary computation to improve computational efficiency, and a good summary was given by doi: 10.2166/wst.2009.508 Jin (2005) . The most used methods include polynomials, the kriging model, neural networks, and support vector machines. This paper explores the potential and benefit of a fast surrogate method, ParEGO (Knowles 2006) , for the multiobjective control problem in urban wastewater systems. This method is based on the popular kriging approach, the Design and Analysis of Computer Experiments (DACE), and can usually achieve a satisfying set of Pareto solutions within a few hundreds of objective evaluations. This method is compared with one of the state-of-the-art EAs, NSGA II (Deb et al. 2002) , and is demonstrated by a case study.
THE PAREGO ALGORITHM
ParEGO is a surrogate based multiobjective optimisation method for expensive models (Knowles 2006) . It combines one of the kriging approaches, DACE, with genetic algorithms to achieve the best performance within a limited number of objective evaluations.
DACE
In the Kriging approach, the model y with n variables, x ¼ (x 1 , …, x n ), is described as yðxÞ ¼ gðxÞ þ zðxÞ where g(x) is the regression term, usually a polynomial function, and z(x) is the error term, represented by a Gaussian random function with zero mean and non-zero covariance. In the stochastic process, the errors for N samples are related or 'correlated' and the correlation is related to the distance between the corresponding samples, and usually expressed as: (Jones et al. 1998) .
This model has a total of 2n þ 2 parameters: b, s 2 , u 1 , …, u n and p 1 , …, p n . The maximum likelihood method can be used to estimate these parameters. The prediction for a point x * can be calculated aŝ
whereb is the estimated value of b, y is a vector of model outputs for the N samples, I is a unit vector of length N, and r is the correlation vector between the error term at the predicted point and the error terms at the previously sampled points. The ith element of r is R(x * ,
One of the advantages of DACE is that a confidence interval of the prediction can be obtained, which is explicitly used by ParEGO to guide the search. A MATLAB toolbox developed by Lophaven et al. (2002) is used for implementing the DACE model.
Implementation of ParEGO
The implementing process of ParEGO is shown in Figure 1 .
An internal genetic algorithm is used to search for the solution that maximizes the expected improvement, and to update the solution set, which consists of solutions evaluated by the real objective functions. For a detailed description of ParEGO, the reader is referred to Knowles (2006) .
ParEGO is basically an aggregation-based algorithm, and the non-linear Tchebycheff function was used to combine the m objectives into one single objective
Where f j and l j ( j ¼ 1,2, …, m) are the jth normalized objective value and its weight, respectively, and r is a small positive parameter and was set to 0.05 according to Knowles (2006) . The objectives are assumed to be simultaneously minimized in the aggregation function, and thus maximization objectives should be converted to minimization. In order to explore the whole region of the Pareto front, a varying weight vector is used in ParEGO, and is drawn randomly from the evenly distributed vector set,
The total number of vectors in the above set is determined by
s is set to 10 for the two-objective case in this paper. Then a pair of numbers (I A , I B ) is defined as the binary 
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RESULTS AND DISCUSSION
A case study is used to demonstrate the potential of The sewer system has seven sub-catchments with a total area of 725.8 ha, and four on-line pass-through storage tanks linked to sub-catchments 2, 4, 6 and 7, respectively.
The wastewater treatment plant includes an off-line passthrough storm tank, a primary clarifier, aerator, and secondary clarifier. The treatment plant effluent and storm tank overflow are discharged to the river at Reach 10, and CSO discharges at Reach 7. This urban system was simulated using the SIMBA tool in the MATLAB/SIMU-
LINK environment (IFAK 2005).
The optimisation problem is defined to improve the receiving water quality through optimal system control.
Based on sensitivity analysis, the chosen control variables include the maximum outflow rate of the storage tank linked to sub-catchment 7, the maximum inflow rate to the treatment plant, the threshold starting to empty the storm tank and its emptying flow rate, and the return sludge rate.
The receiving water quality is represented by two water quality indicators, i.e., minimum DO concentration (DO-M)
and maximum ammonium concentration (AMM-M) along all the river reaches during the entire simulation period.
Thus, the objectives are minimisation of AMM-M and maximisation of DO-M. 
